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fy volatile emissions at Hot Spring Basin (HSB), a large acid-sulfate region that lies
just outside the northeastern edge of the 640 ka Yellowstone Caldera. Relative to other thermal areas in
Yellowstone, HSB gases are rich in He and H2, and mildly enriched in CH4 and H2S. Gas compositions are
consistent with boiling directly off a deep geothermal liquid at depth as it migrates toward the surface. This
fluid, and the gases evolved from it, carries geochemical signatures of magmatic volatiles and water–rock
reactions with multiple crustal sources, including limestones or quartz-rich sediments with low K/U
(or 40⁎Ar/4⁎He). Variations in gas chemistry across the region reflect reservoir heterogeneity and variable
degrees of boiling. Gas-geothermometer temperatures approach 300 °C and suggest that the reservoir
feeding HSB is one of the hottest at Yellowstone. Diffuse CO2 flux in the western basin of HSB, as measured by
accumulation-chamber methods, is similar in magnitude to other acid-sulfate areas of Yellowstone and is
well correlated to shallow soil temperatures. The extrapolation of diffuse CO2 fluxes across all the thermal/
altered area suggests that 410±140 t d−1 CO2 are emitted at HSB (vent emissions not included). Diffuse fluxes
of H2S were measured in Yellowstone for the first time and likely exceed 2.4 t d−1 at HSB. Comparing
estimates of the total estimated diffuse H2S emission to the amount of sulfur as SO4

2− in streams indicates
~50% of the original H2S in the gas emission is lost into shallow groundwater, precipitated as native sulfur, or
vented through fumaroles. We estimate the heat output of HSB as ~140–370 MW using CO2 as a tracer for
steam condensate, but not including the contribution from fumaroles and hydrothermal vents. Overall, the
diffuse heat and volatile fluxes of HSB are as great as some active volcanoes, but they are a small fraction (1–3%
for CO2, 2–8% for heat) of that estimated for the entire Yellowstone system.

Published by Elsevier B.V.
1. Introduction
The Yellowstone magmatic system has been responsible for three
cataclysmic volcanic eruptions over the past 2.1 million years
(Christiansen, 2001), and hosts a large hydrothermal system that
transmits heat and volatiles to the surface (Fournier,1989; Lowenstern
and Hurwitz, 2008). Manifestations of the hydrothermal system
include thousands of active thermal features covering over 60 km2 of
warm, hydrothermally-altered ground (Yellowstone Center for
Resources, unpublished data) and include one of the largest emissions
of carbon dioxide (CO2) from a single magmatic source on Earth
(Werner and Brantley, 2003).

Magmatic volatiles at Yellowstone emerge at the ground surface
either as dissolved solutes in thermal waters or as gas emitted from
pools, fumaroles and soils (Fournier, 1989; Lowenstern and Hurwitz,
.V.
2008). Gas emissions at Yellowstone, predominantly CO2 and hydro-
gen sulfide (H2S), are mainly concentrated in active thermal basins
that mostly occur within or near the topographic margin of the 640 ka
Yellowstone Caldera, or outside the caldera along major structures
such as the Norris–Mammoth corridor or the Red Mountain fault zone
to the south (Fig. 1). Most of the CO2 at Yellowstone emerges from
acid-sulfate terrains (Werner and Brantley, 2003), which occurs
primarily at higher elevations (Fournier, 1989). Also called steam-
heated areas, acid sulfate terrains form where geothermal steam and
gas condense to form acid pools and clay-altered ground. Acid-sulfate
systems are thought to form above vapor-dominated geothermal
reservoirs that in turn overlie boiling Cl−-rich waters such as those
that emerge in Yellowstone's geyser basins (White et al., 1971, Fig. 1).

Most studies of Yellowstone's hydrothermal system have focused
on the Cl−-rich waters, which emerge from classic liquid-dominated
geothermal reservoirs that were extensively explored by a scientific
drilling program (White et al., 1971,1975). Diffuse CO2 emissions in the
liquid-dominated thermal areas were found to be relatively low
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Fig.1.Map of Yellowstone National Park, Wyoming showing chemical characteristics of fluids from thermal areas (thermal area database courtesy of A. Rodman, Yellowstone National
Park). Caldera and resurgent domes from Christiansen (2001). Select thermal areas labeled with descriptor (neutral chloride: NC; acid sulfate: A; travertine: T) Rainbow Springs =
(RS), Washburn Hot Springs = (WHS).
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compared to CO2 emissions in the acid-sulfate regions (Werner and
Brantley, 2003). Werner and Brantley (2003) estimated the total
diffuse emission from Yellowstone to be 45±16 kt d−1 of which acid-
sulfate regions contributed the majority.

In August 2006, we carried out a study in Hot Spring Basin (HSB),
one of the largest acid-sulfate hydrothermal basins in Yellowstone
(Fig. 1). The main objectives of this study were to: 1) characterize and
quantify the emission rates of CO2 and H2S in vent gases and surface
waters; 2) compare emission rates and gas compositions from HSB
with other thermally active areas in Yellowstone; and 3) relate HSB
emissions to the overall volatile budget of the Yellowstone volcanic
system.

2. Geology and field observations

Hot Spring Basin is characterized by numerous areas of acid-
altered and thermal ground separated by forested non-thermal areas
(Allen and Day, 1935; Fig. 2). The existing GIS coverage of thermal
ground for Yellowstone National Park showed 1.36 km2 of thermal
area at HSB (Yellowstone Center for Resources, unpublished data
2003). However, the coverage included several large expanses of
forest andwe considered it an overestimate of the actual thermal area.
USGS orthophoto quadrangles showed other obvious areas of altered
barren ground that were missing from the GIS coverage. We re-
estimated the total area of thermal ground (1.0 km2) by drawing
polygons around bare regions on the relevant orthophoto 90
quadrangles (shown in Fig. 2a), hypothesizing that such areas are
either thermal, or experience a steady flowof acid gas through the soil,
thereby resulting in little vegetation. Field observations validated that
the barren areas consisted of acid-altered ground typically containing
fumaroles, bubbling pools, and mud pots. The largest area of
continuous altered ground, the “western basin” (western section of
Allen and Day, 1935), covers ~0.22 km2 (Fig. 2b).

The most active thermal feature at HSB is a very loud, slightly
superheated (93.4 °C) fumarole (YL06-04, Fig. 2), venting from a wide
pit on a non-vegetated slope at the northern end of the western basin
(Fig. 2). Other smaller areas containing active thermal features
sampled in this study are herein called upper Shallow Creek, the
east basin and the far-east basin, respectively (Fig. 2). The far-east
basin (site of YL06-07) was formed by a large hydrothermal explosion
early in the Holocene (Muffler et al., 1971), but now displays relatively
muted hydrothermal activity.

The active thermal features of HSB have developed within the Lava
Creek Tuff (LCT) member A (Christiansen, 2001) and overlying
Pinedale-age glacial deposits (Pierce, 1974; Richmond and Waldrop,
1972; Richmond, 1977) and hydrothermal explosion deposits (Fig. 2).
Glacial deposits consist of gray, massive, varved silt and sandy lake
sediments that vary in thickness from ~1.5–4 m. These overlie



Fig. 2. (a) Rectified orthophoto showing areas of altered ground in Hot Spring Basin (HSB), fluxmeasurement sites, and gas and stream sampling locations. Gas sample sites are shown
with numbers and stream sample sites have S prefix before the number. (b) Similar-scaled map showing sample locations, faults, and regions of barren/thermal ground (summing to
1 km2, as discussed in text). The dashed rectangle contains the 0.155 km2 area of thermal ground where CO2 flux data were used to estimate the emission rate for the western basin
(see Fig. 6 and Table 3). Helium isotope ratios (in parentheses) show an increasing trend to the south. The rose diagram shows the dominant trend of fractures around Hot Spring
Basin, primarily within the 640 ky Lava Creek Tuff. Geologic units are as follows: Qylb: Lava Creek Tuff Unit A; Quf: Undine Falls Basalt; Qs: Quaternary Sediments; Tv: Tertiary Basalts;
Qhi: Cemented ice-contact deposits; Qhe: Hydrothermal-explosion Deposits (Qhi and Qhe are shaded for easier visualization, all units from Christiansen, 2001).
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Pinedale age till and compacted Bull Lake-age clay, silt and sand (up to
50 m thick).

Faults in the area are predominantly normal and trend to the north,
northwest, and west-northwest, with some northeast trends within
the fractured and welded tuff (Prostka et al., 1975a,b). Preliminary
field measurements, shown as a Rose diagram in Fig. 2b, identified the
following structural trends: (1) N and NNW-trending fractures in Lava
Creek B outcrops at a hydrothermal-explosion crater in the east (near
fumarole sample YL06-07); (2) nearly E–W (111° to 115°) and N–S (010
to 017) fractures in cemented kames; (3) NE fractures (045 to 050)
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within the compacted lake sediments exposed in the walls of a large
pool; and (4) NW-trending (345) valley (Fig. 2b). Themajor sub-basins
within HSB generally follow the northwest trend of mapped faults
(Christiansen, 2001), and faults and fractures also seem to affect the
course of both Shallow and Wrong Creeks, which drain HSB.

3. Methods

3.1. Gas collection and analyses

Samples of gas plus steamwere collected from fumaroles, bubbling
pools and boiling ground (“frying pans”) (Table 1). For fumaroles, a
titanium tube was placed in the vent and the area surrounding the
tube was packed with mud or soil to ensure good steam and gas flow
and minimal air contamination. Pools and frying pans were sampled
by means of a partially-submerged funnel that allowed transmission
of gas and steam without mixing with air. Both the funnel and
titanium tube were fitted with temperature-resistant Tygon tubing to
connect it to an evacuated bottle partly filled with a 4 N caustic
(NaOH) solution. The length of the tubing varied from 1 to 3 m. Steam
and gases such as CO2 and H2S were collected in the caustic solution
and the more inert gases including H2, He, N2, Ar, O2, CH4 and other
hydrocarbons, were collected in the head space. Sampling terminated
when the bottle was full (i.e. whenwater had condensed such that less
than half of the original head space remained). At some sites samples
for noble-gas isotope analyses were collected using a ~30-cm length
of copper tubing. While gas flowed through the tubing, the ends were
sealed using refrigeration clamps to achieve a leak-tight metal seal.
More information on collection methods are available in Giggenbach
and Goguel (1989) and Fahlquist and Janik (1992).

Constituents of the head space were measured by gas chromato-
graphy with a Varian CP-3800 equipped with dual thermal-con-
Table 1
Gas geochemistry of samples from Hot Spring Basin (species in mol%)

Sample YL06-01 YL06-02 YL06-03 YL06-0

Date 08/28/06 08/29/06 08/29/06 08/29/
Type Fum Fry Fry Fum
Easting 0558800 0558553 0558752 05588
Northing 4954767 4953761 4954838 49553
Temp (°C) 91.9 91.9 91.4 93.4
Basin Western usc Western Weste
Xg (%) 1.4% 81.8% 2.4% 3.7%
CO2 93.17 94.03 89.99 90.66
H2S 2.33 3.35 2.08 1.82
NH3 0.003 0.000 0.006 0.146
He 0.0080 0.0056 0.0083 0.0079
H2 3.526 1.337 6.969 5.764
Ar 0.0051 0.0124 0.0050 0.0041
O2 0.007 0.003 0.010 0.004
N2 0.171 0.477 0.155 0.103
CH4 0.768 0.768 0.758 1.449
C2H6 0.016 0.011 0.015 0.046
C3H8 0.0023 0.0010 0.0027 0.0118
C4H10 – – – 0.0101
HCl – 0.002 – 0.0010
HF – – – –

δ13CCO2 −5.0 −4.0 −4.9 −4.3
CO2/H2S 40.0 28.0 43.2 49.9
CO2/H2Sw 51.6 36.2 55.7 64.4
RC/RA 5.52 6.73 – 5.10
40Ar/36Ar 418 367 – 466
N2/Ar 33.7 38.6 30.8 25.2

usc = Upper Shallow Creek.
Xg is mol% all gases relative to gas plus steam.
Fum = fumarole, Fry = frying pan or boiling ground, Pool = bubbling pool.
–: below detection limit; CO2/H2Sw=weight ratio.
RC/RA: Air-corrected 3He/4He (sample)/3He/4He (air).
Locations are in UTM North American Datum 83, Zone 12T.
ductivity detectors and a flame ionization detector. Gases dissolved
within the NaOH solution were measured by manometry (CO2), ion
chromatography (Cl−, F− and H2S, after its oxidation to form SO4

2−) and
gas-sensing electrode (NH3) at the USGS volcano gas geochemistry
laboratory in Menlo Park, California, according to procedures outlined
in Fahlquist and Janik (1992) and Evans et al. (2002). CO2 for carbon
isotope analysis was extracted from an aliquot of the caustic solution
on a vacuum extraction line using phosphoric acid, following the
standard procedure of McCrea (1950). Carbon isotope values were
determined on a Finnigan Mat dual inlet mass spectrometer, at the
USGS stable isotope laboratory in Menlo Park, CA.

Helium, neon and argon isotopes were measured at the USGS
Noble Gas Laboratory in Denver, CO. Bulk gas samples were expanded
into an ultra-low vacuum extraction line and the reactable gases were
removed using a trap containing STS-707 pellets at 623 K. The
remaining gases were exposed to a charcoal trap at 77 K then a
cryogenic trap at 11 K, separating the argon fraction from the helium
and neon fractions. The charcoal trap was then isolated and heated to
approximately 450 K, releasing the Ar component, which in turn was
analyzed on a quadrupole mass spectrometer run in static mode. The
helium and neon isotopes were separated by incremental heating of
the cryogenic trap and analyzed each on a MAP-215-50.

3.2. Diffuse soil CO2 and H2S gas flux

Soil gas fluxes of CO2 and H2S weremeasured usingWest Systems®

flux meters equipped with accumulation chambers. Accumulation
chamber measurement techniques and flux-calculation methods have
been described by Chiodini et al. (1998) and Werner et al. (2000). The
two instruments used in this study, were outfitted with a LICOR 820
infrared CO2 gas analyzer (maximum concentration 20,000 ppm), and
one instrument also utilized a Dräger Polytron II electrochemical H2S
4 YL06-05 YL06-06 YL06-07 YL06-08

06 08/29/06 08/30/06 08/30/06 08/30/06
Pool Fry Fum Pool

90 0558925 0559263 0560345 0559347
49 4955398 4954529 4954787 4954788

76.9 90.1 90.9 68.1
rn Western East Far-east East

88.1% 0.7% 0.7% 97.2%
91.13 91.22 92.09 94.73
1.76 3.09 4.31 3.54
0.000 0.749 0.006 0.000
0.0090 0.0045 0.0029 0.0018
3.984 4.362 0.049 0.065
0.0365 0.0061 0.0296 0.0166
0.010 – 0.004 0.001
1.476 0.204 2.324 0.642
1.536 0.361 1.148 0.958
0.048 0.010 0.027 0.036
0.0122 0.0009 0.0063 0.0102
0.0105 – 0.0054 0.0088
0.0050 – 0.0140 0.0130
– – – –

−4.6 −5.4 −5.3 −5.5
51.7 29.6 21.4 26.8
66.7 38.1 27.6 34.5
– 5.67 4.71 –

– 369 287 –

40.4 33.3 78.5 38.7
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gas analyzer (maximum concentration 25 ppm, see below). The
configuration of LICOR analyzers and chamber sizes allowed us to
measure CO2 fluxes between 2 and 32,000 g m−2 d−1. The Dräger-
chamber configuration allowed for a lower detection limit of 1.7 g m−2

d−1 H2S and a variable maximum flux, due to loss of analyzer linearity
at H2S concentrations greater than 20 ppm. The maximum flux
measurable is dependent on both the gas concentration and the
degassing rate. For a measurement that obtains the 20 ppm H2S limit
over a 20–30 second interval, a conservative estimate of themaximum
H2S fluxwould be around 17 gm−2 d−1. However, if the 20 ppm limit is
reached over 10 s, the maximum H2S flux that could be measured
would be ~47 g m−2 d−1. Fluxes greater than this value could still be
recorded, as the analyzer can detect up to 25 ppm H2S, but the
nonlinear response of the analyzer over 20 ppm will result in
underestimation of the flux (G. Virgili, WEST Systems®, personal
communication, 2006).

A total of 228 CO2 flux and soil temperature measurements were
carried out across HSB, with the majority (n=160) located in the
western basin (Fig. 2). Measurement spacing averaged between 25
and 50 m in the western basin, and 10 to 20 m in the upper Shallow
Creek area. Soil temperatures were measured at 10-cm depth at all
fluxmeasurement sites. H2S fluxes weremeasured only in thewestern
basin and in the upper Shallow Creek area, near fumarole YL06-02.
H2S fluxes were above the detection limit of the analyzer at only 20
sites.

CO2 fluxes and soil temperatures from the western basin were
analyzed using the sequential Gaussian simulation (sGs) algorithm by
the program sgsim within the geostatistical software GSLIB (Deutsch
and Journel, 1998). Details of the application of sGs simulations to CO2

flux data have been described in detail by Cardellini et al. (2003) and
Lewicki et al. (2005). Simulations were performed using a 5-m grid
spacing over 0.155 km2, the area covered by the flux measurements in
Fig. 3. Ternary diagrams illustrating gas chemistry of thermal features from Hot Spring Basi
USGS, unpublished data). (a) N2-100⁎Ar-1000⁎He: samples from HSB extend away from a
Yellowstone. (b) N2–H2S–CH4: tendency of HSB gas to be more sulfur-rich than other region
compared with most areas at Yellowstone, and show much less thermogenic sedimentary in
The Geysers, California (Lowenstern and Janik, 2003).
the western basin (Fig. 2). A normal-score data transformation was
performed and an experimental variogramwas computed andmodeled.
The variogrammodelwas then used in the sGs procedure to create 1000
realizations of the CO2 flux and soil temperature across the grid area.
Post-processing of themultiple realizations in GSLIB included computa-
tion of the mean soil temperature and flux, determination of the 95%
confidence interval for the flux mean, and computation of the
probability that the flux would exceed 60 g m−2 d−1 at each grid node.
Themean emission rate, in metric tons per day (t d−1) was calculated by
summing the simulated fluxes across the grid and multiplying by the
area (0.155 km2).

3.3. Water chemistry

Two water samples were collected from Shallow Creek at loca-
tions upstream and downstream of HSB and three samples were
collected from bubbling pools within HSB. At each sampling site we
measured temperature with a thermocouple and digital thermometer
and pH using a calibrated meter. Water samples were filtered through
a 0.45-μm filter and stored in prerinsed plastic bottles. When needed,
samples for cation analyses were preserved by drop-wise addition of
high-purity nitric acid to a pH less than 2. Chemical analyses were
performed at the USGS in Menlo Park, California. Anion and cation
concentrations were determined with a Dionex ICS-2000 ion chroma-
tograph and a Perkin Elmer ELAN 6000 inductively coupled plasma
mass spectrometer, respectively. Ammonia concentrations were
determined by ion-specific electrode. Analytical uncertainties for all
species are ~5%.

Creek discharge measurements were made using the float method
(Sanders, 1998) in the major tributary flowing into Shallow Creek
aboveHSB and in Shallow Creek at the downstream end of thewestern
basin. The estimated error in discharge measurements is ±25%.
n, compared with other locations at Yellowstone (J. Lowenstern and Deborah Bergfeld,
meteoric-water-influenced end member to some of the most He-rich gases found at
s of the park and are CH4-rich for Yellowstone. (c) CH4–H2S–H2: HSB gases are H2-rich
fluence than found nearby at Washburn Hot Springs (Burnett, 2004) or at areas such as



Fig. 5. (a) Broad positive trend in log CO2 flux and soil temperatures at 10-cm depth for
HSB sites compared with data from Mud Volcano (unpublished data from C. Werner
(1998)). (b) General positive trend in H2S flux and soil temperatures at 10-cm depth at
20 sites at HSB.
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4. Results

4.1. Gas chemistry

Gas samples from boiling-temperature fumaroles and frying pans
were dominated by H2O (between 96.3 and 99.3 mol%), with samples
from lower temperature pools containing less H2O, as expected. On a
steam-free basis, all gases contained ≥90% CO2, with smaller amounts of
H2S, H2, and CH4 (Table 1). Among the highly soluble gases, NH3 had a
large range in concentration, and HCl and HF were very low and below
detection, respectively. Carbon isotope values of CO2 ranged from −5.5
to −4.0‰, and 3He/4He ratios ranged from 4.71 to 6.73 times the
atmospheric value, RA, nearly identical to the range of 4.80 to 6.81 RA
reported by Kennedy et al. (1985) for HSB gases collected in 1983.

HSB gases are relatively enriched in He, especially gas from
fumaroles YL06-01, -03, and -04, compared with gas from other areas
in Yellowstone (Fig. 3a). HSB gases are also among themost sulfur-rich
gases at Yellowstone. In the CH4–H2S–N2 system, only one sample
from HSB (YL06-07) fell within the range of other Yellowstone
samples (Fig. 3b). While HSB samples are CH4-rich compared to Mud
Volcano (Werner and Brantley, 2003), they are not particularly so
when compared to other thermal areas in the northeastern part of
Yellowstone. Samples from Washburn Hot Springs (Fig. 3c) and
Rainbow Springs have greater concentrations of CH4, and NH3

(Burnett, 2004). Many of the samples (i.e., YL06-01, -03, -04, -05,
and -06) had higher H2 concentrations than other samples from
Yellowstone (Fig. 3c). In summary, the HSB gases are relatively rich in
He, H2S and H2, and have somewhat elevated CH4 relative to other
areas in Yellowstone.

Comparison of the gas compositions of features across different
parts of HSB shows notable spatial variations in chemistry. For
example, relative to CO2, gases in the western basin were on average
more enriched in H2 and lower in H2S than gases from the other
thermal areas (Fig. 4). The distinct nature of the western basin gases
holds true for practically every measured component, regardless of
the feature-type (e.g. fumarole vs. frying pan).

4.2. Diffuse soil gas flux

4.2.1. CO2 flux in the western basin
Diffuse CO2 fluxes ranged from 2 to ~14,000 g m−2 d−1and soil

temperatures at a depth of 10 cm from 9.0 to 93.2 °C (the boiling point
of H2O at 2570 m is about 92 °C). The logarithm of the CO2 flux values
displays a broad positive correlation with soil temperatures at 10-cm-
depths (Fig. 5a), similar to that for Mud Volcano, another acid-sulfate
Fig. 4. Comparison of the gas composition across the HSB area showing differences in
gases from the western basin as compared with gases in the south and east. Sample
numbers (YL06-#) are shown along the X axis. Sample type is indicated by P (Pool),
fumarole (F) and frying pan (FP).
thermal area at Yellowstone (Mud Volcano data collected in 1998
using similar techniques). At locations with soil temperatures N70 °C,
CO2 fluxes were between 200 and 14,000 g m−2 d−1 and at locations
with soil temperatures b20 °C, CO2 fluxes ranged between 2 and
~700 g m−2 d−1.

Fig. 6a shows the highest fluxes were measured in the middle part
of the western basin. The probability map in Fig. 6b displays a good
match with the estimated flux map; lower probabilities of high flux
(N60 g m−2 d−1) were observed along the edges of the western basin
whereas higher probabilities of high fluxwere observed in themiddle.
Themost elevated values on the CO2fluxmap (1000–10,000 gm−2 d−1)
of the western basin (Fig. 6a) are consistent with the highest soil-
temperatures mapped for the same region (Fig. 6c), and also with
thermal infrared imaging of the western basin and thewhole region of
HSB (Dr. C. Neale, Utah State University, personal communication April
2008), which shows that the majority of the non-vegetated and acid-
altered areas are also areas of hot ground.

The mean CO2 flux for the western basin data (70% of the basin)
was 390±116 gm−2 d−1 and themean of all flux data for HSBwas 320±
74 gm−2 d−1. Themean emission ratewas 63 t d−1 for themodeled area
in the western basin (0.155 km2) with a 95% confidence interval ranging
from 44 to 85 t d−1. Extrapolating the mean emission rate per unit area
(410 t km−2 d−1) in thewesternbasin to the entire regionof alteredground
at HSB (1.0 km2) results in total CO2 emission of 410±140 t d−1. These
estimates represent only the diffuse component of the flux and do not
account for contributions from fumaroles and bubbling pools; thus, total
emissions from HSB would be larger.

4.2.2. H2S and CO2 flux relations
H2S fluxes in the two studied areas ranged from below detection to

74 g m−2 d−1. In the upper Shallow Creek area measurable H2S fluxes



Fig. 6. Maps of sGs results for CO2 flux, soil temperature and H2S flux for the modeled part (0.155 km2) of the western basin (Fig. 2b). The white outline shows the extent of thermal
area in this region. Small black dots indicate themeasurement locations. (a) Simulation results for the CO2 flux data: blue areawas not used for determination of average flux. (b) Map
of probability of elevated (N 60 g m−2 d−1) CO2 flux over the entire modeled area. (c) Map of the modeled soil temperature distribution at 10-cm depth for the same area in (b) and (d)
Map of the H2S flux estimated from the modeled mean CO2 flux (Section 4.2). (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)

757C. Werner et al. / Journal of Volcanology and Geothermal Research 178 (2008) 751–762
were recorded at 6 of the 20 investigated sites and in the western
basin H2S fluxes were recorded at 14 of 141 sites (Fig. 7). An additional
12 sites, 11 from the western basin, had an identifiable H2S flux, but
rates were below the detection limit of the analyzer. Relations
between CO2 and H2S fluxes from the upper Shallow Creek and
western basin sites show a strong positive correlation (r2=0.9 and 0.7,
respectively), but with a higher percentage of sites having a detectable
H2S flux in the upper Shallow Creek sites (Fig. 7). Note, however, that
this regionwas also sampled with a smaller spacing. The averagemass
ratio for the CO2/H2S flux for all the HSB sites is about 104 and overall,
the flux data from both areas compare fairly well with the range in the
mass ratios of CO2 and H2S in the gas samples (Table 1, Fig. 7). It is
notable that the slightly lower flux ratios at the upper Shallow Creek
sites are consistent with the variations in gas chemistry, as the CO2/
H2S concentration ratio in the gas from the fumarole at the upper
Fig. 7. H2S vs. CO2 flux across HSB. In the western basin, diffuse flux ratios are similar to the
ratios of the concentrations of H2S and CO2 in the fumaroles, or have slightly higher CO2/H2S.
Shallow Creek site is lower than what is found in the gas collected
from frying pans and fumaroles in thewestern basin (Table 1). It is also
notable that no appreciable H2S flux was detected for low CO2 flux
sites; the positive correlation between CO2 and H2S fluxes was only
observed for sites with CO2 flux that was greater than a range of flux
from ~250–500 g m−2 d−1. Applying the CO2/H2S diffuse flux ratio
(104) to the CO2 fluxes estimated from sgsimmodeling that were over
this range allowed extrapolation of H2S flux over the western basin
(Fig. 6d). Following from that, the H2S flux map differs from the CO2

flux map in that appreciable H2S is very localized within the central
part of the basin. The maximum H2S flux predicted from the modeled
data was ~130 g m−2 d−1, and the mean emission was calculated as
0.5–0.65 t d−1 depending on whether the low (250 g m−2 d−1 CO2) or
high (500 g m−2 d−1 CO2) threshold was used.

4.3. Water chemistry and solute fluxes

Water-chemistry data was previously published (Hurwitz et al.,
2007b), but the relevant results are given here for clarity. The waters
flowing into HSB from Shallow Creek had a pH=7.2 at 4.3 °C, whereas
the waters at Shallow Creek below the basin were acidic and much
warmer (pH=2.4 and T=27.2 °C). Downstream waters were enriched
in all cations and anions relative to upstream samples. The bubbling
pools in HSB were characterized by variable and acid pH values (2.5–
5.3), high temperatures (87.7–91.0 °C), high SO4

2− (N649mg L−1), lowCl−

(b1mgL−1), and relatively highNH4+(77 to 231mg L−1). Alkalinitywas
notmeasured as the pH of all sampleswas low except for the upstream
sample of Shallow Creek. Thus it was assumed that no HCO3

− was
present in appreciable quantities in the water leaving the basin. The
calculated water discharge from the western basin of HSB (55 L s−1)
was determined from the difference in the flowof ShallowCreek above
and below the basin. Related solute fluxes were calculated as 3086 and
3.1 kg d−1 for SO4

2− and Cl−, respectively (the SO4
2− discharge converts to

1.1 t d−1 H2S for Shallow Creek in Table 3). Dividing the SO4
2− discharge

by the thermal area drained by Shallow Creek above our sampling
point (0.54 km2) gives an average SO4

2−
flux of 5.5 g m−2 d−1.



Table 2
Solute concentrations (mg/L) and molar ratios in samples from Shallow Creek (bold)
and bubbling pools

SH01 SH02 SH03 SH04 SH05

Easting 0559524 0558543 0558905 0558868

Northing 4953203 4953753 – 4955419 4955389

T (°C) 5.3 89.2 27.2 87.7 91.0
pH 7.2 5.2 2.5 3.1 2.5
Na 3.0 1.6 19 130 31
K 2.1 3.8 19 227 64
Ca 3.4 0.5 7.2 19 4.4
Mg 1.8 0.2 2.1 4.2 1.7
Fe b0.2 b0.2 2.9 12.3 4.9
Al b0.1 0.2 17 2.1 18
SiO2 36 178 148 288 282
Cl− 0.4 0.7 0.6 1.7 0.5
SO4

2− 4.3 649 550 1304 1104
HCO3

− 24 – – – –

F 0.3 0.4 0.5 0.6 0.4
NH4

+ b1 230 15 165 77
Mg/Ca 0.9 0.5 0.5 0.4 0.6
Na/K 2.4 0.7 1.7 1.0 0.8
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5. Discussion

Hot Spring Basin lies just outside the caldera rim, along a series of
faults associated with the Mirror Plateau Fault Zone (Christiansen,
2001). As increased hydrothermal flux is often observed aligned with
or controlled by geologic structures (e.g., Werner and Cardellini, 2006,
and references therein), this locationmakes HSB a preferred region for
gas-rich hydrothermal upflow and likely explains the large extent and
preferred orientation of thermal acid-altered areas. HSB is one of the
largest hydrothermal areas at Yellowstone and is associated with a
negative gravity anomaly and P and S seismic velocity lows that are
likely related to a large vapor- or liquid-saturated region at depth
(Lehman et al., 1982; Miller and Smith, 1999).

The diverse dataset presented here suggests that the ascent of
magma-derived volatiles to the ground surface is complex. Never-
theless, the composition of the volatiles at HSB is typical of vapor-
dominated systems (White et al., 1971) with abundant emissions of
gaseous CO2, and H2S, some of the latter converted to dissolved SO4,
and precipitated native sulfur. Discharge of Cl− and F− is minor, but
dissolved NH4

+ is elevated in surface waters.

5.1. Volatile sources

Compared to other regions of Yellowstone, HSB gases are notably
He-rich. Most samples had between 0.005 and 0.009 mol% He,
whereas gas from many other areas in Yellowstone typically contain
b0.005 mol% He. Samples plotting near the helium apex of the ternary
diagram (Fig. 3a) are commonly thought to be heavily influenced
either by magmatic He input or input of crustal He produced through
alpha-decay of U–Th series elements (Giggenbach, 1996). 3He/4He
ratios in HSB gas are not especially high (RC/RA=4.71–6.73), especially
when compared to Mud Volcano, the area with the strongest mantle
signature (e.g., RC/RA=16–17, Kennedy et al., 1985; Werner and
Brantley, 2003). Thus, the relatively low RC/RA and high He
concentration indicate a substantial component of crustal He is
added to HSB gas compared to areas such as Mud Volcano, Norris
Geyser Basin, or Crater Hills that have relatively less He but a higher
mantle helium content (Kennedy et al., 1985; A. Hunt, J. Lowenstern, D.
Bergfeld, unpublished data, 2003–2007).

With CH4 concentrations as high as 1.5 mol%, gas from HSB shows
some contribution from a sedimentary source. The sedimentary
signature at HSB is weaker than that seen in gas from nearby Rainbow
Springs andWashburn Hot Springs, which have CH4 concentrations as
high as 2–8 mol% (Clifton et al., 1990; Burnett, 2004). Those areas are
located near the northeastern caldera boundary, and have long been
recognized as having hydrocarbon-rich gases derived from break-
down of sedimentary materials (Love and Good, 1970; Clifton et al.,
1990). However, when compared with Mud Volcano which lies inside
the caldera, some sedimentary signature at HSB is apparent and is
evidenced both by relatively higher CH4 concentrations (Fig. 3b and c)
and relatively lower δ13C-CO2 values, which range from to −5.5 to
−4.0‰, and −4.8 to −3.2‰, respectively (Table 1; J. Lowenstern and D.
Bergfeld, unpublished data). CH4 abundances at HSB were similar to
the Mushpots thermal area, which lies several kilometers to the south
(Fig. 1). Finally, HSB gases are not particularly CH4-rich when
compared with other geothermal systems with a strong sedimentary
component such as The Geysers, California (Fig. 3c, Lowenstern and
Janik, 2003).

A limited sedimentary signature at HSB is also supported by NH3

concentrations in gases and the NH4
+ contents of thermal waters. In

regions heavily influenced by sedimentary sources, NH3 concentra-
tions can be quite high, sometimes exceeding H2S (Fournier, 1989).
Similarly, high NH4

+ concentrations are found in thermal waters such
as at Washburn Hot Springs where concentrations of 650 mg L−1 have
been reported (McCleskey et al., 2005). Our findings show that NH3 in
the gas at HSB was 1–3 orders of magnitude less than H2S and
the maximum concentration of NH4
+ in the waters was 230 mg L−1

(Tables 1 and 2).

5.2. Reservoir temperatures

Numerous gas geothermometers have been developed and applied
to fumarole and hot spring gases, but none are considered reliable in
all cases. The empirical gas geothermometer of D'Amore and Panichi
(1980) assumes that the relative concentrations of H2, CH4, H2S, and
CO2 are controlled by reservoir temperature; e.g., that any sediment-
derived CH4 has re-equilibrated with other gases and mineral buffers.
An additional assumption is that near-surface processes such as
preferential dissolution of highly soluble H2S or CO2 into shallow
groundwater are insignificant. These assumptions are supported here
by the fairly small enrichment in CH4 (Fig. 3b and c) and low relative
abundance of Ar and N2 (Fig. 3a) that would be increased by
interaction with shallow groundwater. Based on the D'Amore and
Panichi geothermometery, calculated equilibration temperatures for
the HSB samples are 230–300 °C and average 268 °C. This compares to
~140–180 °C at Mud Volcano, ~200 °C at the Mushpots, and ~220 °C at
Norris calculated by Goff and Janik (2002) using the same geotherm-
ometer. The H2/Ar geothermometer of Giggenbach et al. (1994) gives
an average temperature of 329 °C for HSB, while the CH4–C2H6–C3H8

geothermometer of Tassi et al. (2007) gives an average temperature of
233 °C, bracketing the D'Amore and Panichi (1980) result.

The high calculated temperatures for HSB gases are consistent with
the geophysical indications that the northeastern region of the caldera
hosts a highly-fractured fluid-filled area overlying some of the
shallowest partial melt in Yellowstone (Smith and Braile, 1994; Miller
and Smith, 1999). The temperatures are also consistent with the
hypothesized 330–350 °C, deep ‘parent’ fluid underlying the Yellow-
stone Caldera, determined from enthalpy–chloride relationships from
various geyser basins inwestern regions (Truesdell and Fournier,1976;
Fournier, 1989). At Hot Spring Basin, the lack of high-Cl fluid outflow
suggests that parent fluid does not approach the surface, but instead
boils at depth, producing the steam, CO2, H2S and other gases that
emerge in this acid-altered terrain.

5.3. Spatial variations

The variability in gas chemistry across HSB probably reflects, at
least in part, spatial variations within the deep hydrothermal reservoir
(s) that feed(s) the surface features. Reservoir heterogeneities are
seemingly required to explain the significant range in 3He/4He ratios,
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4.71–6.73 RA (Table 1) and 4.80–6.81 RA found in 1983 by Kennedy
et al. (1985; values provided by B.M. Kennedy, Lawrence Berkeley
Laboratory, written communication Feb. 28, 2008). For samples as
enriched in total helium as the HSB suite (Table 1; Fig. 3a), processes
such as radiogenic ingrowth are too slow to alter the 3He/4He ratios
during upflow of gas and steam to the surface. Interestingly, the four
sites sampled in 1983 form a N–S transect comparable to our samples
YL06-04, -01, -02 and show the same southward increase in 3He/4He
ratios. The distance over which the increase occurs (1–2 km, Fig. 2) is
consistent with a gradient at reservoir depths.

The spatial variability observed in HSB gas chemistry strongly
suggests a solubility-based control on gas chemistry. Samples with
high H2/CO2 and high He/CO2 ratios, e.g., western basin samples, also
have low H2S/CO2 ratios (Fig. 4). Thus, gas-ratio comparisons across
HSB show that enrichment in He and H2, gases less soluble than CO2, is
clearly coupled to depletion in the more soluble H2S. This behavior
was also borne out by variations in the diffuse H2S to CO2 flux ratios
(Fig. 7). The apparent solubility control on gas chemistry may be due
to spatial heterogeneities in deep reservoir boiling where enrichment
in the least soluble gases would reflect smaller degrees of boiling.
Subsequent preferential loss of more soluble gases such as CO2 and
H2S into shallow groundwater does not seem to be the major cause for
the observed variations. Western basin samples with high He/CO2

ratios generally show less interaction with shallow groundwater
(ASW) in Fig. 3a, and as a group have similar gas ratios despite the fact
that one sample is from a slightly superheated fumarole (YL06-04)
and another is from a pool of water well below boiling temperature
(YL06-05). Thus, near-surface effects on vent-gas chemistry appear to
be small, although minor and local microbial modification of H2 and
H2S cannot be ruled out (Xu et al., 1998).

5.4. Noble gas isotope systematics

Kennedy et al. (1985) found that the helium and argon isotope
compositions for all 66 samples collected from 19 different thermal
areas fit within an area between magmatic and radiogenic trends on a
rare-gas isotope plot (Fig. 8). Air and air-saturated water are
indistinguishable in this plot, and form one end-member source
common to all samples. The two other end members needed to
explain the data array were identified by Kennedy et al. (1985) as
magmatic gas, with a 40Ar/36Ar ratio significantly greater than air, and
Fig. 8. Plot of 40Ar/36Ar vs. 4He/36Ar for Yellowstone gases. Gray triangular region
represents 66 samples collected from 19 thermal areas in the early 1980s, including
1983 HSB samples (filled squares) from Kennedy et al. (1985). Line through Mud
Volcano gives minimum slope for magmatic gas end member. “Radiogenic” line
calculated by Kennedy et al. (1985) from three-dimensional regression analysis. Filled
circles are 2006 HSB samples numbered as in Table 1.
crustal gas consisting of radiogenic 4He and 40Ar but no 36Ar. Gas from
Mud Volcano, with the highest 3He/4He ratio in Yellowstone, was
considered most representative of the magmatic end member. Other
samples, with lower 3He/4He ratios, plotted on lines of progressively
lower slopes radiating away from the air end member. The correlation
between lower 3He/4He and lower slope allowed Kennedy et al. (1985)
to determine that the crustal end member, with an assumed 3He/4He
ratio of 0.01 RA had a radiogenic production ratio of 40Ar/4He (40⁎Ar/
4⁎He) of 0.25 (Fig. 8), which corresponds to a K/U ratio of 14,000 in the
reservoir rocks.

The 2006 samples from HSB are noteworthy in that 3 of them plot
along the radiogenic component line (Fig. 8), mainly due to an
extremely small air component. This shift away from the air end
member relative to the 1983 samples most likely reflects decreased
involvement of shallow groundwater and possibly drier conditions
during sampling in 2006, although increased upflow of deep gases
could be an alternate possibility. Regardless, the minor influence of
shallow groundwater on gas chemistry discussed earlier is highlighted
by results shown in Fig. 8. Even sample YL06-07 is mainly affected by
air contamination, not interaction with shallow groundwater, as is
shown by its high N2/Ar ratio (Table 1, Fig. 3a).

Although sample YL06-02 plots among the group of lines radiating
from air through the 1983 samples (Fig. 8), YL06-06 plots below any
such line, and samples YL06-01 and -04 are distributed slightly below
the radiogenic production line of Kennedy et al. (1985). Because all
HSB samples have 3He/4He ratios that are ≫0.01 RA (Table 1), they
must contain a significant component of magmatic He and Ar, so it is
clear that the crustal (radiogenic) production ratio of 40⁎Ar/4⁎He is
substantially less than 0.25 as noted by Kennedy et al. (1985). By
assuming that the 40Ar/4He and 3He/4He ratios at Mud Volcano
represent the magmatic end-member, 40⁎Ar/4⁎He ratios can be
calculated through

40
⁎Ar=4⁎He =ð 40Ar=36Ar

� �
S
− 40Ar =36Ar
� �A

−0:7xÞ=ð 4He=36Ar
� �S

−xÞ
where x=(4He/36Ar)S(3He/4He)S/(3He/4He)MV, and subscripts S, A, MV

refer to sample, air, and Mud Volcano, respectively. Under this
assumption, 40⁎Ar/4⁎He ratios for YL06-01, -04, -06 are indistinguish-
able from zero (−0.03±0.06) and correspond to a K/U ratio of less than
2000 (at a Th/U≤5). This low K/U is incompatible with analyzed
samples of the Lava Creek tuff (Christiansen, 2001) or any other
primary igneous rocks at Yellowstone, but could be consistent with
derivation from limestones and quartz-rich sediments that are
presumably deeply buried beneath the Eocene Absaroka volcanics in
this area. The need to invoke multiple fluid sources at reservoir
depths, as discussed earlier, is thus made clear by the combined
helium and argon isotope systematics.

5.5. Soil temperatures and diffuse CO2 emissions

In the western basin there is a positive correlation between diffuse
CO2 flux and soil temperature, indicating that in general, CO2 travels
with rising steam. The CO2-temperature trend for theHSB data is similar
to that seen at Mud Volcano in 1998 (Fig. 5a). Of the two, HSB had
proportionately more locations with high soil temperatures (40–97 °C)
than Mud Volcano, likely because the western basin at HSB has a larger
contiguous area of steam and gas output (sample spacing was similar in
both studies: ~25–40m)andbecause the edges of the thermal areawere
notwell documented atHSB (nomeasurementsweremade invegetated
or forested areas). The correlation between soil temperature and flux
(Figs. 5a, 6b and c) lends additional support for extrapolation of the CO2

emissions estimate for the western basin across all of the thermal/
altered area at HSB (Fig. 2), but also suggests that this extrapolated CO2

emission rate may be low as high CO2 fluxes are sometimes observed in
areas with cooler soils (Fig. 5, see alsoWerner et al., 2000). Results from



Fig. 9. Box and whisker plot of the CO2 flux populations in the Mud Volcano area (GU: Gumper region in 1997 and 1998; GO: Goose region in 1997 and 1998; MVBK: background
forest), Roaring Mountain (RM), Crater Hills (CH), Lamar Valley cold degassing (LAM), Mammoth Hot Springs (MHS) and the Upper Geyser Basin (UGB). All data from Werner and
Brantley (2003). Compared are new data from Hot Spring Basin (HSB). The box indicates the 25th to 75th percentile of CO2 flux values, the whiskers extend to the 10th and 90th
percentiles, and the line in the box represents the median value. The circles represent measurements that fall outside three standard deviations of the mean. Arithmetic averages for
the populations are shown by small filled squares; the means shown on the GU and GO distributions are the average of all the flux measurements from the medium strata (thermal
altered areas) at Mud Volcano (Werner et al., 2000); see text for more details. The open square on the LAM distribution contains one high flux measurement that skews the average;
the filled square does not include that data point. The numbers at the bottom (but above the sample abbreviations) represent the number of flux measurements in the populations
plotted.

Table 3
Volatile emissions from Hot Spring Basin

Diffuse
CO2

(t d−1)

Expected
diffuse H2S
(t d−1)

Measured
diffuse H2S
(t d−1)

Dissolved
H2S
(t d−1)

Estimated
H2O
(t d−1)

Area
(km2)

Western Basin
(modeled)

63.5±20 1.0±0.361 0.5–0.652 – 10004 0.155
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the measured and modeled fluxes from the western basin indicate that
CO2 fluxes could exceed 1000–10,000 g m−2 d−1 over an area that is
N150×250 m in dimension (Fig. 6b).

The population distribution, median, and average CO2 flux for HSB
are similar to those measured at Mud Volcano, Crater Hills, and the
Lamar River Valley, but lower than those measured at Roaring
Mountain (Fig. 9). Our estimate of the areally averaged diffuse CO2

emission for the 1 km2 of altered area at HSB is 410±140 t km−2 d−1, or
about 24% greater than Mud Volcano. Different techniques were used
to estimate total CO2 emissions from Mud Volcano and HSB. At Mud
Volcano, Werner et al. (2000) used a stratified adaptive sampling plan
for their medium degassing strata (i.e. thermally active acid-sulfate
terrain) that yielded an estimate of ~133 t d−1 of CO2 (1.1×109 mol yr;
Werner et al., 2000). Based on the 0.4 km2 area in that study (Werner
et al., 2000) the area average of diffuse CO2 emission from Mud
Volcano was ~330 t km−2 d−1, lower than the 410 t km−2 d−1 estimate
for HSB. However, the arithmetic average of the individual CO2 flux
measurements from the Mud Volcano medium strata1 was 540±96 g
m−2 d−1, higher than the arithmetic average of the CO2 flux
measurements at HSB (320±74 g m−2 d−1). The discrepancy between
area averages and arithmetic averages when comparing flux data from
HSB and Mud Volcano partly results from the different procedures
used to estimate total CO2 emission rates and highlights some of the
uncertainty in the reporting of averages and emission rate estimates
from highly skewed and spatially heterogeneous flux data (see also
Lewicki et al., 2005). It also signifies that there is not a large difference
in the nature of the distribution of CO2 flux data collected in these two
areas of Yellowstone (Fig. 9).

The total diffuse CO2 emission for HSB is ~1% of that estimated
from all thermal areas in Yellowstone (45±16 kt d−1), which was
computed using an average value of 1250 g m−2 d−1 (Werner and
Brantley, 2003). This average (1250 g m2 d−1 CO2) included data from
1 The arithmetic average of the medium strata values used in this paper for Mud
Volcano should not be confused with the mean value reported in Table 3 of Werner
et al. (2000). The value reported there (1712 g m−2 d−1) was the mean of the network
averages within the medium strata, where a network was a specific component of the
sampling design. See Werner et al. (2000) for more details.
higher-flux acid sulfate regions such as Roaring Mountain (see Fig. 9).
The diffuse CO2 emission rate from HSB is comparable to emissions
from individual active volcanoes (e.g. Ruapehu orWhite Island in New
Zealand; Werner et al., 2006, 2008).

5.6. H2S fluxes and the sulfur budget

H2S is a significant component both in fumarolic and diffuse
emanations, SO4

2− is elevated in surfacewaters, and S-bearingminerals
are abundant at the ground surface. The question remains how
strongly is, or what proportion of the total S is sequestered into liquid
or solid phases at the surface. The general correlation observed
between H2S and CO2 flux in the western basin allows a first-order
estimate of the H2S diffuse emission rate. For this area, the average
fumarole CO2/H2Smass ratiowas ~60while the average CO2/H2S ratio in
the diffusefluxwas 104. If the fumarole ratio is characteristic of thedeep
upflow, then nearly 50% of the H2S in the diffuse emission is lost,
presumably to native sulfur or SO4

2−. Using a fumarole ratio of 60 and the
total CO2 emission rate determined above (410±140 t d−1), we would
estimate that 6.8±2.3 t d−1 of H2S is emitted from HSB (Table 3).
However, given the CO2/H2S diffuse flux ratio measured in the western
basin (104), a lower value of ~3.9±1.3 t d−1 H2S is calculated for the
actual diffuseflux.Moreover, this is likely anoverestimate given thatH2S
Shallow Creek
drainage

– – – 1.13 – 0.55

Total HSB 410±140 6.8±2.3 2.4–3.1 2.0 64504 1.0

1Based on a fumarole CO2/H2S weight ratio of 60, 2Based on the measured diffuse CO2/
H2S weight ratio of 104 and modeled CO2 flux data in the western basin, 3From Hurwitz
et al. (2007a,b) estimates, 4Based on the average fumarolic H2O/CO2 molar ratio of 39.
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was only detectedwhen CO2fluxeswere greater than ~250 to 500 gm−2

d−1 (Fig. 7). Applying the diffuse CO2/H2S ratio to every grid point in our
western basin model over 250 g m−2 d−1 results in a western basin H2S
emission rate of 0.65 t d−1, or 3.1 t d−1 fromHSB (Table 3). Using a stricter
cutoff of 500 g m−2 d−1 CO2 results in 0.5 t d−1 H2S from the western
basin and 2.4 t d−1 from HSB (Table 3). The difference between the CO2/
H2S ratio measured in fumaroles vs. diffuse flux values can be explained
if some S is dissolved as SO4

2− or precipitated as native sulfur or sulfide
and is not emitted. We calculated a flux of ~1.1 t d−1 of SO4

2− in Shallow
Creek (which drains 55% of the total 1 km2 of thermal area in HSB),
suggesting ~2.0 t d−1 of H2S is converted to SO4

2− for the whole of HSB
(Table 3). The remaining 1.7–2.4 t d−1 of H2S may be expected to be
converted to native S or sulfide.

While these estimates represent a good starting point for
determining the sulfur budget of a hydrothermal area, there are a
number of uncertainties in the above calculations. First, the SO4

2−
flux

is likely not in steady state and periods of higher precipitation are
likely to yield higher solute fluxes (Hurwitz et al., 2007a). Second,
more tightly spaced data would be helpful to constrain the relation-
ship between CO2 and H2S degassing in high flux areas better.

5.7. Inferences for heat flow

As presented in Chiodini et al. (2001, 2005) the CO2 flux can be
used as a tracer for steam output, and thus for heat flow in
hydrothermal areas. This procedure assumes that the H2O/CO2 ratio
of fumaroles represents the original components and that no
condensation has occurred. At Yellowstone, where the fumaroles are
at boiling point, there is the possibility that some steamhas previously
condensed, which adds uncertainty to the estimates. Based on the
total diffuse CO2 emission rate (410 t d−1) and an average CO2/H2O
molar ratio for western basin fumaroles of 0.026 we calculate ~6450 t
d−1 of H2O flux as steam. At HSB the boiling point of water is 92 °C,
corresponding to a steam enthalpy of 2663 J g−1. Multiplying the total
steam flux by the enthalpy results in a heat output of about 200 MW.
Using the range of fumarole gas/steam (Xg) in the western basin, a
heat output between 140 and 370 MW is estimated. The overall heat
output from HSB corresponds to between 2 and 8% that for the
Yellowstone hydrothermal system (4.5–6 GW) as determined by the
Cl-inventory method (Friedman and Norton, 2007). The heat output
translates to a heat flux from 140 to 370 W m−2 for the 1 km2 of
thermal area at HSB, a value 100 times greater than that for the
Yellowstone Caldera as a whole (Fournier, 1989), illustrating that heat
loss from the subjacent magma is focused through large thermal areas
such as HSB.

6. Conclusions

Gas from HSB is a mixture of magmatic gas with crustal gases rich
in He and to a lesser extent CH4. The spatial variability of the gas
geochemistry at HSB likely represents variations in non-magmatic
crustal gas sources within the deep hydrothermal reservoir that feeds
the surface features. The areally averaged diffuse CO2 flux at HSB is
similar to other acid-sulfate areas at Yellowstone, but because of its
large spatial extent, emissions are greater than most other thermal
areas in the park. The total diffuse emission of CO2 at HSB is 410±140 t
d−1, similar to some active (but non-erupting) volcanic systems
around the world. High gas emissions are consistent with highly
fractured terrain and gas-saturated conditions beneath HSB as evident
from seismic velocity and gravity lows. Nearly all of the CO2 is released
in gaseous form whereas up to 50% of the sulfur may be oxidized and
retained in shallow ground waters and minerals. HSB provides
approximately 1% of the estimated diffuse CO2 emissions at Yellow-
stone and ~2–8% of the total heat output of the Yellowstone system
estimated from Cl− discharge. Future work should utilize these and
other techniques to better quantify gas emissions and heat output of
thermal basins distributed around Yellowstone. Only by doing so, can
we refine the current estimates of gas and heat discharge from one of
Earth's largest active magmatic systems.
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